A study of the adhesion and cohesion of metals  first quarterly progress report, mar. 9 - jun. 9, 1965 by Hordon, M. J. & Giammanco, R. P.
Norton Exploratory Research Div i s ion  
NATIONAL RESEARCH C O W R A T I O N  
70 Memorial Drive 
Cambridge, Massachusetts 02142 
Cont rac t  No. NASW-1168 NRC P r o j e c t  No. 86-1-0610 
A STUDY OF THE 
ADHESION AND COHESION 
OF METALS 
FIRST QUARTERLY PROGRESS REPORT 
Period Covering 
March 9 ,  1965 - June 9 ,  1965 
M. J.  Hordon 
R. P. Giammanco 
Approved by 
' Norman Beecher 
A s s i s t a n t  Director 
of Research 
Reviewed by : 
Frank J. &dlomone 
Con t rac t s  Manager 
Submitted t o  : 
Nat iona l  Aeronaut ics  and 
Headquarters  
Office of Advanced Research 
Ymhing ton ,  D .  C . ' 
Space Adminis t ra t ion  
an?  Techno:'ogy 
$------- 
GPO PRICE 
CFSTl PRICE(S) $  
- 
A t t n :  C h i e f ,  Materials Research Branch Hard COPY (HC) &- 
Code RRM Ju ly  1 6 ,  1965 Microfiche (MF) 
* 653 July65 
https://ntrs.nasa.gov/search.jsp?R=19650020876 2020-03-17T01:51:59+00:00Z
. 
TABLE OF CONTENTS 
Page No. 
ABSTRACT 
1.0 INTRODUCTION 
PHASE I 
PHASE I1 
PHASE I11 
2.0 APPROACH 
3.0 APPARATUS 
4.0 TEST SPECIMENS 
5 , O  EXPERIMENTAL PROCEDURE 
5.1. Pre Vacuum Operation 
5.2. Test Operation 
5.3. Post Vacuum Operation 
6 . 0  EXPERIMENTAL PROGRAM 
6.1. Preliminary Adhesion Test 
6.2. Adhesion-Mutual Solubility Test 
6.2.1. Solubility Test 
6.2.2. Insolubility Test 
7 . 0  DISCUSSION OF RESULTS 
8.0 FUTURE PLANS 
REFERENCES 
iii 
1 
3 
3 
3 
4 
4 
9 
12 
12 
12 
13 
14 
14 
17 
17 
19 
19 
24 
25 
TABLE OF CONTENTS (Cont'd) 
Page No. 
LIST OF TABLES 
TABLE ,. I METAL TEST SAMPLES 
TABLE I1 SPECIMEN DATA SHEET 
TABLE I11 PRELIMINARY COHESION TEST SERIES 
TABLE IV SOLUBLE ADHESION TEST SERIES 
TABLE V INSOLUBLE ADHESION TEST SERIES 
LIST OF FIGURES 
FIGURE 1 
FIGURE 2 
FIGURE 3 
FIGURE 4 
FIGURE 5 
FIGURE 6 
FIGURE 7 
5 
10 
15 
20 
21 
SCREW DRIVE COHESION TESTING 
APPARATUS (OUTSIDE) 
COHESION TEST APPARATUS 
SAMPLE HOLDER 
ADHESION SPECIMENS 
ADHESION OF COPPER SPECIMENS 
WITH INCREASE LOADING (DATA 
FROM TABLE 111) 
ADHESION AS A FUNCTION OF CLEAN- 
ING FOR COPPER SPECIMENS USING 
WIRE BRUSHING TECHNIQUES (DATA 
FROM TABLE 111) 18 
ADHESION COEFFICIENT AS A FUNCTION 
IN YIELD STRESS FOR VARIOUS 
SAMPLE MATERIALS (DATA FROM TABLES 
IV AND V) 22 
6 
7 
8 
11 
16 
ABSTRACT a 36*7 7 
Research on t h e  s o l i d  s t a t e  adhes ion  and cohes ion  of m e t a l s  has  
been conducted  a t  N a t i o n a l  Research C o r p o r a t i o n  for t h e  p a s t  
s e v e r a l  y e a r s .  S i n c e  adhes ion  has been observed  f o r  m e t a l s  and a l l o y s  
under  w i d e l y  v a r y i n g  c o n d i t i o n s ,  there is a need t o  d i s t i n g u i s h  among 
t h e  e f f e c t s  of t h e  more impor tan t  v a r i a b l e s  c o n t r o l l i n g  t h e  bonding 
mechanism. P a s t  r e s e a r c h  programs have found t h a t  adhes ion  of bo th  
m e t a l s  and a l l o y s  i n c r e a s e  w i t h  t e m p e r a t u r e ,  c o n t a c t  stress and sur- 
face c l e a n l i n e s s .  T h i s  report i n  p a r t i c u l a r  d e a l s  w i t h  t h e  adhes ion  
dependency on s o l i d  s o l u b i l i t y .  
a 
1 . 0  INTRODUCTION 0 
Research on t h e  tendency of c l e a n  m e t a l s  t o  a d h e r e  i n  u l t r a -  
h igh  vacuum has  been c a r r i e d  on a t  N a t i o n a l  Research Corpora t ion  
f o r  t h e  p a s t  f i v e  y e a r s  under  NASA c o n t r a c t s  NASr-48, NASw-734 and 
NASw-734, Amendment #1 and under t h i s  c o n t r a c t ,  NASw-1168. 
The g e n e r a l  o b j e c t i v e  has  been t o  o b t a i n  a d d i t i o n a l  i n -  
f o r m a t i o n  a s  t o  t h e  c o n d i t i o n s  under which m e t a l s  and a l l o y s  of 
e n g i n e e r i n g  impor tance  f o r  space  a p p l i c a t i o n s  w i l l  adhe re  t o  one 
a n o t h e r  w i t h  s u f f i c i e n t  t e n a c i t y  t o  h i n d e r  t h e  r e l a t i v e  motion o r  
subsequen t  s e p a r a t i o n  of components of mechanical  and e l e c t r i c a l  
d e v i c e s  used i n  s p a c e  e x p l o r a t i o n .  Such d e v i c e s  i n c l u d e  b e a r i n g s ,  
s o l e n o i d s ,  v a l v e s ,  s l i p  r i n g s ,  mat ing f l a n g e s ,  c o n i c a l  rendezvous 
mat ing  s u r f a c e s ,  etc.  
Even a s m a l l  amount of adhes ion  would be d i s a s t r o u s  i n  many 
c a s e s  on a s p a c e  v e h i c l e .  Power on such  c r a f t  is o r d i n a r i l y  v e r y  
l i m i t e d  and mechanica l  components must o p e r a t e  f r e e l y .  Only a few 
ounces of adhes ion  f o r c e  may cause  f a i l u r e .  There  i s ,  t h e r e f o r e ,  
an i m p o r t a n t  r equ i r emen t  f o r  q u a n t i t a t i v e  d a t a  on adhes ion .  
Techniques were developed i n  p r e v i o u s  programs f o r  e v a l u a t i n g  
t h e  adhes ion  of metals a t  v a r i o u s  t e m p e r a t u r e s  by r e p e a t e d l y  
f r a c t u r i n g  and r e j o i n i n g  notched t e n s i l e  specimens i n  u l t r a h i g h  
vacuum. Two t y p e s  of appa ra tus  were u s e d :  1) a d i f f e r e n t i a l  ex- 
p a n s i o n  d e v i c e ,  and 2 )  a screw d r i v e  d e v i c e .  The l a t t e r  was found 
t o  be t h e  most u s e f u l .  The maximum a d h e s i v e  f o r c e  a t  room t empera tu re  
was abou t  65% of t h e  a p p l i e d  load  f o r  copper  and 19% f o r  1018 s tee l .  
- . l  - 
No adhes ion  was found f o r  hardened 52100 s teel .  T ime  i n  c o n t a c t  
a p p e a r s  t o  be an impor t an t  f a c t o r  f o r  copper  a t  2OO0C and above ,  
Both 1018 s tee l  and 52100 s t e e l  were “ s e l f - c l e a n i n g ”  a t  5OO0C, 
the  former  showing r e p e a t e d  r e a d i n g s  n e a r  100% c o h e s i o n ,  and t h e  
l a t t e r  i n c r e a s i n g  i n  p e r  c e n t  c o h e s i o n  w i t h  each  s u c c e s s i v e  break. 
Except f o r  s teel  a t  5OO0C, and  copper  a t  3 5 O o C  and 4OO0C, adhes ion  
0 
dropped on each  s u c c e s s i v e  tes t .  (1)  
The a p p a r a t u s  was t h e n  modif ied t o  permi t  specimen p o s i t i o n i n g  
and t h e  t e s t i n g  o f  up t o  e ight  specimen p a i r s  w i t h  a s i n g l e  pump- 
down of t h e  vacuum sys tem.  Arrangements were made f o r  w i r e  brush-  
i n g  i n  vacuum and/or  i o n  bombardment j u s t  b e f o r e  j o i n i n g .  Both 
f l a t - f a c e d  and ch i se l - edged  specimens were u s e d ,  t h e  r e c t a n g u l a r  
f a c e s  or chise l  edges  be ing  c r o s s e d .  T e s t s  were made a t  room 
t e m p e r a t u r e  and a t  p r e s s u r e s  between 1 0  and 10’’ t o r r .  Adhesion 
was observed  o n l y  between f l a t - f a c e d ,  s o f t  copper  specimens when 
w i r e  b rushed  i n  vacuum. The cohes ion  f o r c e  v a r i e d  from 8 t o  120 l b s .  
a f t e r  a compress ive  f o r c e  of  2000 l b s . ,  and appeared  t o  depend 
-8 
p r i m a r i l y  on t h e  thoroughness  of w i r e  b r u s h i n g .  (2 1 
F u r t h e r  work was accomplished under NASw-734, Amendment No. 1 
u s i n g  the  modi f ied  e i g h t  specimen tes t  a p p a r a t u s .  T e s t s  were pe r -  
formed on s i m i l a r  samples  a s  w e l l  as  d i s s i m i l a r  sample p a i r s .  From 
t h e  r e s u l t s  i t  was concluded  tha t  adhes ion  of l i k e  and u n l i k e  p a i r s  
i n c r e a s e d  w i t h t e m p e r a t u r e ,  a p p l i e d  l o a d ,  s u r f a c e  c l e a n i n g  and flow 
stress. Under t h e  c o n d i t i o n s  of  
compress ive  force of 2000 lb s . ,  adhes ion  f o r c e s  from 40 t o  800 l b s .  
were measured. 
t o  10’’ t o r r  vacuum and a 
(3 1 
- 2 -  
Under t h i s  c o n t r a c t ,  N A S w - 1 1 6 8 ,  N a t i o n a l  Research C o r p o r a t i o n  0 
is c o n t i n u i n g  t h e  i n v e s t i g a t i o n  of t h e  adhes ion  bonding phenomena 
t o  p r o v i d e  f u r t h e r  knowledge of t h e  bonding mechanism. The p r e s e n t  
program is d i v i d e d  i n t o  three phases  a s  l i s t e d  below. 
PHASE I 
Phase I is concerned  w i t h  t h e  c h a r a c t e r i z a t i o n  of  t h e  e f f e c t  of  
a n  adsorbed  s u r f a c e  f i l m  on t h e  a d h e s i v e  p r o c e s s .  Contaminant f i l m s  
such  a s  o x i d e s  w i l l  be removed by i o n  bombardment and t h e  degree of 
d e s o r p t i o n  measured by d e t e r m i n a t i o n s  o f  t h e  s u r f a c e  e l e c t r o n  work 
f u n c t i o n .  Attempts  w i l l  be  made t o  r educe  adsorbed  l a y e r s  t o  less 
t h a n  a monolayer t o  a l l  t h e  s t u d y  of  adhes ion  f o r c e s  between t r u l y  
c l e a n  s u r f a c e s .  
PHASE I1 
Contac t  bonding is ext remely  s e n s i t i v e  t o  s u r f a c e  typography 
as  a f f e c t e d  by t h e  smoothness and by the  p l a s t i c i t y  of  s u r f a c e  a s p e r i -  
t i es  under  l o a d .  Measurements of  adhes ion  f o r c e  w i l l  be c o r r e l a t e d  
w i t h  p l a s t i c i t y  f o r  d i f f e r e n t  v a l u e s  o f  h a r d n e s s ,  a s p e r i t y  h e i g h t  
and r a d i u s .  
PHASE I11 
Mutual s o l i d  s o l u b i l i t y  of t h e  a d h e r i n g  m a t e r i a l s  may a l s o  p l a y  
a n  impor t an t  ro le  i n  adhes ion .  Both s o l u b l e  and u n s o l u b l e  metal  
p a i r s  s h a l l  be e v a l u a t e d  f o r  adhes ion  character is t ics  under  c o n d i t i o n s  
- 3 -  
i n  which contaminant  f i l m s  a r e  a b s e n t  and t h e  compress ive  y i e l d  
stress is exceeded.  
0 
2 . 0  APPROACH 
I t  was dec ided  t o  proceed i n i t i a l l y  w i t h  Phase I11 of t h e  ex- 
p e r i m e n t a l  program s i n c e  t h e  s o l u b i l i t y  s t u d i e s  would r e q u i r e  
v e r y  l i t t l e  m o d i f i c a t i o n  t o  t h e  e x i s t i n g  test  f i x t u r e .  
The m e t a l  samples  t e s t e d  i n  t h i s  phase  of t h e  expe r imen ta l  
program are  l i s t e d  i n  Tab le  1. 
These metal samples  were t e s t e d  under  - lo-’ t o r r  vacuum 
and u s i n g  moto r i zed  w i r e  b rush ing  t e c h n i q u e s  t o  remove t h e  s u r f a c e  
o x i d e  f i l m s .  
3.0 APPARATUS 0 
The a p p a r a t u s  c o n s i s t s  of a s t a i n l e s s  s t e e l  vacuum chamber 
w i t h  t h e  a c c e s s o r i e s  necessa ry  t o  j o i n  and s e p a r a t e  s m a l l  me ta l  
specimens i n  u l t r a h i g h  vacuum and t o  measure t h e  f o r c e s  invo lved .  
The major  components were developed and used i n  p r e v i o u s  programs. 
F igu re  1 shows t h e  load ing  and f o r c e  measuring d e v i c e s  wh ich  
communicates w i t h  t h e  i n s i d e  a p p a r a t u s  th rough  a f l e x i b l e  meta l  
b e l l o w s .  Beneath t h e  dome i n  F i g u r e  1 hangs t h e  a p p a r a t u s  shown 
i n  F i g u r e s  2 and 3. S i x t e e n  specimens ( e i g h t  p a i r s )  can  be mounted 
on the wheels  shown i n  F i g u r e s  2 and 3, and p o s i t i o n e d  t o  b r i n g  
d i f f e r e n t  m a t e r i a l  combina t ions  t o g e t h e r  o r  t o  expose  a g iven  s u r -  
f a c e  for c l e a n i n g .  
- 4 -  
TABLE I 
METAL TEST SAMPLES 
S o l u b l e  P a i r s  Inso lub le  P a i r s  
CU-AU 
Cu-Ni 
Ag-Au 
Nb- Ta 
C U - T ~  
Ag-Fe 
A g - N i  
Au-Pb 
- 5 -  
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FIGURE 2 - COHESION TEST APPARATUS 
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a 
FIGURE 
- 8  
3 s. 
- 
IPLE HOLDER 
A twelve- inch long  s p o o l  p i e c e  is now located between t h e  dome 
and t h e  bowl of  F i g u r e  1 (bu t  no t  shown i n  t h e  f i g u r e ) .  
a 
The s p o o l  p i e c e  h a s  windows for o b s e r v i n g  t h e  spec imens ,  and 
a be l lows  man ipu la to r  f o r  p o s i t i o n i n g  a motor-dr iven w i r e  b rush  
between specimens t o  c l e a n  t h e  mat ing  s u r f a c e s  j u s t  b e f o r e  j o i n i n g .  
The e n t i r e  assembly is mounted on a s t a n d a r d  N a t i o n a l  Research 
Corpora t ion  u l t r a h i g h  vacuum pumping sys t em w i t h  a 10-inch d i f f u s i o n  
pump (HS10-4200) and a s t a n d a r d  N a t i o n a l  Research Corpora t ion  
Chevron-type l i q u i d  n i t r o g e n  t r a p .  C o n c e n t r i c  "0" r i n g s  c o o l e d  by 
a c i r c u l a t i n g  r e f r i g e r a n t  a re  used a t  t h e  j o i n t s  between t h e  l a r g e  
f l a n g e s .  
4 . 0  TEST SPECIMENS 
0 S i x t y - f o u r  tes t  samples  were f a b r i c a t e d  t o  conform w i t h  the 
tes t  p a i r s  l i s t e d  i n  Table  I .  The mater ia l s  used  were of t h e  p u r e s t  
commercial ly  a v a i l a b l e  and were comple t e ly  annea led .  The sample$ were 
machined from 7 /8"  d i a m e t e r  ba r  s t o c k  which  was f u l l y  annea led .  How- 
e v e r ,  t h e  l e a d ,  s i l v e r ,  and  gold  mater ia ls  were purchased i n  t h e  
dead s o f t  c o n d i t i o n  i n  economical s h a p e s  t o  minimize machining and 
expense .  A l l  samples  were tested f o r  h a r d n e s s  and r e -annea led  i f  re- 
q u i r e d  b e f o r e  u s i n g  i n  t h e  adhes ion  expe r imen t s .  The sample 
m a t e r i a l s  a l o n g  w i t h  t h e  p e r t i n e n t  d a t a  is t a b u l a t e d  i n  Table  TI. 
The sample c o n f i g u r a t i o n  a s  i n  p r e v i o u s  t e s t s  was t o  be ch ise l  
p o i n t e d  as  shown i n  F i g u r e  4 .  However, s i n c e  t h e  s e l e c t e d  m a t e r i a l s  
w i t h  t h e  e x c e p t i o n  of  tan ta lum and niobium have low y i e l d  stresses, 
- 9 -  
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i t  was dec ided  t o  u s e  a b l o c k  t y p e  spec imen,  t h u s  t a k i n g  advantage  
of  the  maximum s u r f a c e  a r e a .  The b l o c k  t y p e  specimen w a s  used  
0 
when t h e  "X" dimension i n  F igure  4 approaches  3/8 i n c h .  
5 . 0  EXPERIMENTAL PROCEDURE 
5.1. PreVacuum Opera t ion  
The mater ia l  specimens were f a b r i c a t e d  and t reated as pre-  
v i o u s l y  s p e c i f i e d .  The samples were t h e n  t e s t e d  f o r  h a r d n e s s  and 
i f  r e q u i r e d  heat t r e a t e d  t o  y i e l d  t h e  f u l l y  annea led  c o n d i t i o n .  
The f a c e  w i d t h s  were measured and a d j u s t e d  t o  produce a c o n t a c t  
area t h a t  would a l low t h e  load  ce l l  t o  o p e r a t e  abou t  midrange. The 
c o n t a c t i n g  s u r f a c e s  were then  p repa red  by mounting three specimens 
a t  a t i m e  i n  a s p e c i a l  j i g  and p o l i s h i n g  w i t h  s u c c e s s i v e l y  f i n e r  
g r i n d i n g  alundum or emery paper .  The three specimen f a c e s  formed a 
f l a t  p l a n e  i n  t h e  p o l i s h i n g  j i g  and t h e  a b r a s i v e  paper  w a s  s u p p o r t e d  
on a l a p p i n g  t ab le .  T h i s  i n s u r e d  specimen f l a t n e s s .  J u s t  p r i o r  t o  
mounting i n  t h e  test wheel, each specimen was g i v e n  one d r y  r u n  on  
No. 000 paper  fo l lowed  by a e t h y l  a l c o h o l  c l e a n i n g  and a i r  d r y  p r o c e s s .  
The samples  were t h e n  mounted i n  t h e  t es t  whee l  and t h e  vacuum 
sys t em c l o s e d .  
0 
5.2.  T e s t  Opera t ion  
During a t y p i c a l  o p e r a t i o n  t h e  sys t em was baked o u t  a t  2OO0C 
under  vacuum fo r  t i m e s  ranging  up  t o  48 h o u r s ,  u s i n g  a number of  
t ungs t en -qua r t z  lamps i n s i d e  t h e  vacuum v e s s e l  a s  a heat  s o u r c e .  When 
- 12 - 
t h e -  p r e s s u r e  had s t a b i l i z e d  a t  abou t  t o r r ,  a r e f r i g e r a t i o n  
sys t em w a s  t u r n e d  on t o  c o o l  t h e  v e s s e l  w a l l s  and g a s k e t s .  The 
p r e s s u r e  t h e n  f e l l  t o  t h e  lo-’ r a n g e ,  t y p i c a l l y  4 t o  6 x 10” a t  
t h e  end of 24 hours .  
0 
To m a i n t a i n  t h e  t empera tu re  of t h e  spec imens ,  t h e  h e a t  i n -  
p u t  t o  t h e  lamps was c o n t r o l l e d  and t h e  t empera tu re  was measured 
by thermocouples .  The i n d i v i d u a l  specimens were wire brushed f o r  
measured times, t y p i c a l l y  between 30 seconds  and 5 minutes .  During 
b r u s h i n g  of t h e  spec imens ,  p r e s s u r e  b u r s t s  o c c u r r e d  which y i e l d e d  
p r e s s u r e  t r a n s i e n t s  up t o  2 x 10- t o r r .  T h i s  e f f e c t  was more 
o b s e r v a b l e  on t h e  copper  specimens.  The specimens were then  
p o s i t i o n e d  t o  face each o t h e r  and t h e  p a i r  t o  be t e s t e d  were f o r c e d  
i n t o  c o n t a c t  and loaded  t o  t h e  d e s i r e d  stress l e v e l .  (Re laxa t ion  
and c r e e p  l a t e r  reduced t h i s  l o a d ,  a s  much a s  10% i n  some c a s e s . )  
The t i m e  between c l e a n i n g  and c o n t a c t  was measured and found t o  be 
r e a s o n a b l y  c o n s t a n t  a t  abou t  14 t o  19 seconds  a t  4 t o  6 x 10’’ t o r r .  
T h i s  p r o d u c t ,  2 x 10- to r r -minu tes ,  is below t h e  l / l O t h  monolayer 
format imt ime and t h u s  a s s u r e s  c o n t a c t  between c l e a n  me ta l  s u r f a c e s .  
The l o a d  was l e f t  on f o r  5 minutes  f o r  each p a i r  and t h e  measured 
breakaway load  w a s ’ t h e n  recorded  on p u l l i n g  t h e  specimens a p a r t  
8 
0 
9 
us ing  a Sanborn r e c o r d e r  and SR-4 s t r a i n  gauges  i n  a Baldwin l o a d  c e l l  
a s  shown i n  F i g u r e  2.  
5.3. P o s t  Vacuum Opera t ion  
Upon comple t ion  of t h e  test t h e  vacuum system was r e l e a s e d  w i t h  
a r g o n  t o  a n  atmosphere and t h e  tes t  samples  c a r e f u l l y  removed and 
- 13 - 
packaged. Each specimen p a i r  was o p t i c a l l y  examined t o  de t e rmine  
t h e  effects  of  t he  bonding. 
0 
6 . 0  EXPERIMENTAL PROGRAM 
6.1. P r e l i m i n a r y  Adhesion Tes t  
The f i r s t  tests performed were accomplished u s i n g  f u l l y  
annea led  copper  sample p a i r s .  These tests were performed t o  check 
o u t  t h e  equipment and t echn iques  and t o  f a m i l i a r i z e  t h e  p e r s o n n e l  
w i t h  t h e  equipment.  Copper samples were chosen s i n c e  t h e  most com- 
p l e t e  adhes ion  d a t a  has been o b t a i n e d  f o r  copper .  These tests were 
des igned  t o  r e - e v a l u a t e  p a s t  tests and were se t  up t o  v e r i f y  t h a t  
t h e  adhes ion  force is a f u n c t i o n  of  a p p l i e d  stress and s u r f a c e  
c l e a n i n g .  
- 
The first ser ies  ( s i x  sample p a i r s )  w a s  des igned  t o  de t e rmine  
t h e  adhes ion  c o e f f i c i e n t  a s  a f u n c t i o n  of a p p l i e d  l o a d .  S t r e s s  l e v e l s  
from 50 t o  250 p e r  c e n t  of t h e  y i e l d  stress were used .  The f i x e d  
pa rame te r s  were ;  6 x 10- t o r r  vacuum l e v e l ,  two minutes  c l e a n i n g  
t i m e  and f i v e  minutes  load ing  t i m e  a t  a t empera tu re  of 25OC. The 
r e s u l t s  were t h a t  t h e  adhes ion  c o e f f i c i e n t  d e f i n e d  a s  t h e  r a t i o  of 
9 
bonding force t o  a p p l i e d  load  i n c r e a s e d  from 0 .05  f o r  100% y i e l d  
stress l o a d i n g  t o  0 .20  f o r  250% y i e l d  stress l o a d i n g  as shown i n  
Table I11 and F i g u r e  5. 
Thb second series ( f o u r  sample p a i r s )  was des igned  t o  de te rmine  
t h e  adhes ion  c o e f f i c i e n t  as a f u n c t i o n  of c l e a n i n g  t i m e .  Brushing 
t i m e s  of  0.5, 2 and 5 minutes  were s e l e c t e d  a s  v a r i a b l e s .  The f i x e d  
- 14 - 
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FIGURE 5 
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9 parameters were; 6 x 10- torr vacuum, stress levels at 125% and 
150% of yield stress, 5 minutes holding time and temperature at 
0 
25OC. The results were that the adhesion coefficient increased 
from 0.01 to 0.21 for 125% yield stress loading and 0.02 to 0.31 
for 150% yield stress loading as shown in Table I11 and Figure 6 .  
6 .2 .  Adhesion - Mutual Solubility Test 
Two types of metals pairs were tested in the solubility test 
program; metals with extremely limited mutual solubility and metals 
which form extensive solid solutions at room temperature. Metals 
of similar FCC and BCC crystal structure were selected to minimize 
lattice misorientation and strain accommodation effects. The 
materials tested are listed in Table I. 
6.2.1. Solubilitv Test 
The materials listed as soluble in Table I are known to form 
complete solid solutions at room temperature. The tests were de- 
signed to determine the adhesion coefficient as a function of 
solubility and lattice parameters. Parameters held constant were; 
vacuum level at 5 x to 1 x torr range, cleaning time at 
2 minutes and loading time at 5 minutes. Other variables such as 
stress level and temperature were varied to determine if dissimilar 
metal pairs followed the adhesion trends of similar pairs. Adhesion 
was obtainable on all tested samples except the tantalum-niobium 
pair. These metals form tenacious oxides and require more extensive 
cleaning techniques to produce oxide-free surfaces. Data on the 0 
- 17 - 
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soluble test pairs is tabulated in Table IV. 0 
6.2.2. Insolubilitv Test 
The insoluble metal pairs listed in Table I are all known to 
have less than 0.1% solubility in each other. Tests on these 
materials were designed to be used as a comparison for the solid 
solution metal pairs. The fixed and varied parameters were the 
same as those used in the solubility tests. However, it was ex- 
pected that very little adhesion would occur with these pairs. 
Adhesion coefficients were obtained for all pairs with maximum 
coefficient of 0 .6  for the lead-gold combination. Data on the in- 
soluble adhesion test pairs is tabulated in Table V. 
7 . 0  DISCUSSION OF RESULTS 0 
The comparative data taken on soluble and insoluble metals 
showed no correlation between adhesion and lattice solubility. 
However, it does appear that adhesion is related to plastic load- 
ing, temperature and yield strength as shown in Figure 7 .  
The relative insensitivity of adhesion bonding at 25 to 15OoC 
to bulk lattice solubility levels may be attributed to the extreme 
importance of local atomic arrangements on the surface layers in 
determining the density of bonds across the interface. Increases 
in the effective lattice parameter and local disorder at the surface 
may be expected due to the anistropy of atomic packing and bond 
distribution. In this way, solute atoms of greatly differing size 
- 19 - 
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I 
/ 
and electrochemical a c t i v i t y  may be a c c e p t e d  s u b s t i t u t i o n a l l y  o r  
i n t e r s t i t i a l l y  i n  t h e  s o l v e n t  l a t t i c e  w i t h i n  a f e w  a tomic l a y e r s  
of t h e  s u r f a c e ,  b u t  would be r e j e c t e d  i n  t h e  b u l k  l a t t i ce .  
Thermal d i f f u s i o n  a c r o s s  the  bonded i n t e r f a c e  of  chemica l ly  i n -  
s o l u b l e  metals would l e a d  t o  i n t e r m e t a l l i c  compound o r  t e r m i n a l  
phase  p r e c i p i t a t i o n  and s e g r e g a t i o n  w i t h i n  the l a t t i ce .  
0 
I n  a l l  cases w i t h  lbodh s o l u b l e  and i n s o l u b l e  sample p a i r s ,  
t h e  adhes ion  f o r c e  i n c r e a s e d  w i t h  l o a d  and t empera tu re .  The 
e x c e p t i o n  was t h e  Ta-Nb and Au-Ag combina t ions .  The Ta-Nb com- 
b i n a t i o n  showed no adhes ion  c o e f f i c i e n t  a t  25OC w i t h  v a r y i n g  load .  
T h i s  can  be accounted  f o r  by t h e  t e n a c i o u s  o x i d e s  formed on b o t h  Ta 
and N b  metals. These o x i d e s  are d i f f i c u l t  t o  remove and r e q u i r e  
bet ter  c l e a n i n g  t e c h n i q u e s .  The Ag-Au combina t ion  showed some 
a d h e s i o n  f o r c e  a t  25OC b u t  i t  remained r e l a t i v e l y  c o n s t a n t  w i t h  i n -  
creased load ing .  
0 
Another parameter  which appea red  t o  i n f l u e n c e  t h e  a b i l i t y  t o  
adhere is t h e  f low stress or hardness  of t h e  m a t e r i a l s .  The data  
a s  i n  p a s t  r e p o r t s  i n d i c a t e d  t h a t  adhes ion  i n c r e a s e s  w i t h  d e c r e a s i n g  
h a r d n e s s  or f low stress l e v e l .  
To summarize, adhes ion  t ends  t o  i n c r e a s e  w i t h  t e m p e r a t u r e ,  
s u r f a c e  c l e a n l i n e s s ,  stress l e v e l ,  and  t o  d e c r e a s e  w i t h  h a r d n e s s .  
However, no c o r r e l a t i o n  w a s  observed  between adhes ion  and mutual  
s o l u b i l i t y  or  l a t t i c e  parameter .  
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8 . 0  FUTURE PLANS 
P l a n s  have been made t o  s tar t  Phase I of the  test  program. 
T h i s  r e q u i r e s  t h e  u s e  of two ion-guns f o r  c l e a n i n g  of  t h e  sample 
f a c e s .  The sys tem is p r e s e n t l y  be ing  mod i f i ed  t o  accommodate 
t h e  two guns  And changes a r e  be ing  made i n  t h e  sample p o s i t i o n i n g  
dev ice .  
The test  series f o r  Phase I is t e n t a t i v e l y  schedu led  f o r  
August a t  which t i m e  t h e  system s h o u l d  be comple t e ly  modi f ied  
and checked o u t .  
- 24 - 
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